Fifty-four homolog (Ffh) and FtsY are the central components of the signal recognition particle secretory pathway of bacteria. In this study, the core domain and active sites of FtsY and Ffh from Streptomyces coelicolor, which are responsible for guanosine triphosphate (GTP) hydrolysis, were identified using site-directed mutagenesis. Mutations were introduced to the conserved GXXGXGK loop of the putative GTP binding site. Mutation of the Lys residue to Gly in both FtsY and Ffh NG domains significantly decreased the GTPase activity and GTP binding affinity. Furthermore, a structural model of the ternary complex of FtsY/Ffh NG domains and the non-hydrolyzable GTP analog guanylyl 5'-(β,γ-methylenediphosphonate) also revealed that each Lys residue in GXXGXGK of FtsY and Ffh provides the predicted hydrogen bond required for GTP binding. However, in FtsY not in Ffh, mutation of the first Gly residue in the GXXGXGK loop disrupted the GTPase activity. In addition, protease-digesting test demonstrated that NG protein with the mutation of Lys residue was decomposed more easily. Western blot analysis suggested that in Streptomyces coelicolor, FtsY is present in the membrane fraction and Ffh in the cytosol fraction during the mid-log phase of growth. These results indicated that Lys residue in the putative GTP binding loop was the crucial residue for the GTPase activity of NG domain.
The signal recognition particle (SRP) pathway plays a central role in the targeting and translocation of pre-secretory polypeptides to the endoplasmatic reticulum or plasma membrane, and is found in all the three kingdoms of life [1−5] . The SRP pathway is composed of SRP, 7S RNA and its receptor SR in mammalian cells [6] ; and is composed of Ffh (a homolog of the mammalian SRP54), 4.5S RNA and FtsY (a homolog of the α-subunit of the mammalian SRP receptor) in prokaryotic cells [7] . Both FtsY and Ffh are guanosine triphosphate (GTP) binding proteins, and their GTP activities are critical to the targeting and translocation of proteins [8] . The sequence alignment of Ffh and FtsY shows that the two proteins share a homologous region designated the N and G domains. The crystal structure of the NG domain from Thermus aquaticus Ffh demonstrated that the N and G domains could move each other when nucleotides bind, and this movement might be important in coupling signal peptide binding and release, GTP binding and hydrolysis [9] .
In the past several decades, Escherichia coli has been used as a model system for the study of protein secretion. The available evidence shows that several differences exist in the protein secretion between Gram-positive and Gramnegative bacteria [10] . Gram-positive bacteria Streptomyces are often used in industry for the commercial production of enzymes or antibiotics. In addition, they have the characteristics of mycelial growth and morphological differentiation [11] . In Streptomyces lividans, it was recently shown that the Ffh protein formed a complex with an 82 nucleotide scRNA, suggesting the SRP pathway existed in Streptomyces [12] . Streptomyces will be used as a model system for the study of protein secretion in the future.
In this study, to analyze the GTPase activity and active sites, we introduced the mutations into the highly conserved loop GXXGXGK of the putative GTP binding sites in the NG domain of Ffh and FtsY. In addition, the subcellular location of Ffh and FtsY from wild-type Streptomyces coelicolor was identified using Western blotting.
Materials and Methods

Strains, plasmids and culture conditions
The bacterial strains and plasmids used in this study are shown in Table 1 . S. coelicolor M145 was grown in R5 medium at 30 ºC [13] . E. coli strains were grown in Luria Broth medium at 37 ºC supplemented with ampicillin at a final concentration of 50 μg/ml. pUCm-T and pET-15b were used for TA cloning and expression of the NG proteins and their mutation proteins, respectively.
Cloning and site-directed mutagenesis of FtsY-NG and Ffh-NG
Recombinant DNA techniques were applied as described by Sambrook et al. [14] . The DNA sequence of the NG domain was amplified from S. coelicolor M145 chromosomal DNA using LA Taq polymerase (TaKaRa, Dalian, China). The polymerase chain reaction products of Ffh-NG and FtsY-NG were cloned into the pUCm-T vector and the constructs were designated pUCm-NG-FtsY and pUCm-NG-Ffh, respectively. Site-directed mutagenesis was done by overlap extension polymerase chain reaction using pUCm-NG-FtsY and pUCm-NG-Ffh as templates [15] . For the FtsY NG domain, the substitutions of G222V, T226S, K228G and GTK-VSG were introduced into the putative GTP binding motif GXXGXGK. For the Ffh NG domain, the mutations of G141V, A145S, K147G and GAK-VSG were constructed. Desired mutations were confirmed by sequencing the entire open reading frames. Restriction sites of NdeI and BamHI were introduced into the corresponding forward and reverse primers, respectively. The resulting pET constructs were designated pET-NG-FtsY, pET-NG-FtsY-G222V, pET-NG-FtsY-T226S, pET-NGFtsY-K228G, pET-NG-FtsY-GTK-VSG, pET-NG-Ffh-WT, pET-NG-Ffh-G141V, pET-NG-Ffh-A145S, pET-NG-Ffh-K147G and pET-NG-Ffh-GAK-VSG. All cloned gene fragments and their mutations were sequenced by Invitrogen (Shanghai, China).
Expression and purification of Ffh-NG and FtsY-NG wild-type proteins and their mutant proteins
The pET-15b recombinant vector was introduced into BL21. The BL21 strains were grown at 37 ºC in Luria Broth medium containing 50 μg/ml of ampicillin. At A 600 =0.4, isopropyl-D-thiogalactopyranoside was added with a final concentration of 1 mM and growth was continued for 4 h at 30 ºC. Proteins were purified using histidine-binding magnetic agarose beads (Novagen, Madison, USA). Cells were resuspended in 4 ml of ice-cold 1×binding buffer (5 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCl, pH 7.9) per 100 ml culture. The resuspended cells were incubated with 200 μg/ml of lysozyme for 30 min at 30 ºC, and sonicated on ice until the samples were no longer viscous. The lysate was then centrifuged at 14,000 g for 20 min to remove the debris. Protein concentration was determined using Coomassie protein assay reagent [16] .
GTPase activity assay
GTPase activity was assayed using the ammonium molybdate method [17] . The final concentration (0.6 μM) of the purified Ffh-NG, FtsY-NG or mutant protein was incubated with various concentrations of GTP for 30 min at 30 ºC in 50 μl of reaction buffer (50 mM Tris-HCl, pH 8.0, 100 mM MgCl 2 ). The reaction was terminated by the Table 1 Descriptions and sources of strains and plasmids used in this study The A value at 660 nm was determined after the samples were cooled to room temperature. The Michaelis constant (K m ) and the maximal reaction velocity (V max ) values of NG proteins and mutants were obtained from LineweaverBurk plots.
Protease digestion
The purified wild-type S. coelicolor Ffh-NG, FtsY-NG and mutant proteins (5 μg) were pre-incubated with 2 mM non-hydrolyzable GTP analog guanylyl 5'-(β,γ-methylenediphosphonate) (GMPPCP) in reaction buffer (20 mM Tris-acetic acid, pH 7.5, 10 mM magnesium acetate) for 30 min at 37 ºC, then 10 ng of proteinase K was added to the solution and incubated for 10, 20 and 30 min, respectively. The reaction was terminated by the addition of 15% (W/V) trichloroacetic acid and the samples were analyzed by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Photoaffinity cross-linking
The GTP binding activity of the NG domains and their mutants was investigated by photoaffinity cross-linking. Purified FtsY-NG, Ffh-NG and mutant proteins (0.1 μM) were incubated in 20 μl of buffer containing 20 mM Trisacetate, pH 7.5, 100 mM potassium acetate, 1 mM EDTA, 10 mM magnesium acetate, 0.5 mM 1,4-dithiothreitol and 0.1 μM [γ-32 P]GTP (3000 Ci/mM; Amersham, Uppsala, Sweden) for 15 min at 4 ºC. Cross-linking was induced by irradiation with ultraviolet light (30 W, 254 nm) at a distance of 1 cm for 30 min at 0 ºC [18] . The protein samples were subjected to 10% SDS-PAGE and the gels were analyzed by phosphor-imaging (FLA-3000 radioisotope imaging system; Fujifilm, Shanghai, China).
Homology modeling of FtsY and Ffh NG domains
Structural models of the FtsY and Ffh NG domains from S. coelicolor were built by homology modeling of the two protein sequences to the ternary complex model of the FtsY and Ffh NG domains with the non-hydrolyzable GTP analog GMPPCP using an automated comparative protein modeling server SwissModel server (http:// swissmodel.expasy.org/SWISS-MODEL.html) [19] . Water molecules were ignored in the modeling process. The model was composed of the Sc-FtsY-NG/Sc-Ffh-NG complex and two molecules of GMPPCP. No major atom clash was observed in the final model and regions of low confidence were removed. Within the active site, all the residues, except three Gly residues, are in the allowed regions of the Ramachandran plot. A figure of the model was constructed using the Swiss PDB Viewer (http:// www.expasy.ch/spdbv/) and rendered using POV-Ray.
Preparation of anti-FtsY-NG and anti-Ffh-NG polyclonal antibodies
To increase the polyclonal anti-FtsY-NG and anti-Ffh-NG antibodies in two rabbits, purified FtsY-NG and Ffh-NG preparations were mixed with an equal volume of complete Freund's adjuvant and injected intramuscularly into two New Zealand rabbits at an interval of 2 weeks. The blood samples were taken 2 weeks after the last injection, and the sera were collected by centrifugation.
Cell fractionation
Separation of the membrane and cytosolic fractions of S. coelicolor cells was carried out according to the method of Proft and Herrmann [20] . Briefly, S. coelicolor M145 cells were grown to the mid-log phase, harvested and resuspended in 1 ml of buffer containing 50 mM TrisHCl, pH 8.0, 200 mM NaCl, 15 mM EDTA and 100 μM phenylmethylsulphonylfluoride. Cells were sonicated on ice using a Hielscher sonicator (Hielscher Ultrasonics GmbH, Teltow, Germany). Cells were disrupted by sonication at 60% duty cycle for four bursts (each 45 s) at a 1 min interval. Undisrupted cells were removed by centrifugation at 6000 g for 10 min at 4 ºC. The supernatant was centrifuged at 130,000 g for 1 h at 4 ºC. The first pellet was resuspended in 1 ml of buffer, described above, and re-centrifuged at 130,000 g for 1 h at 4 ºC. The final pellet was isolated as the membrane fraction.
Subcellular location of Ffh and FtsY from S. coelicolor
For Western blot analysis, cell fractions separated by 10% SDS-PAGE were transferred to polyvinylidene fluoride membrane (Amersham). The transferred material was incubated with rabbit anti-FtsY-NG and anti-Ffh-NG polyclonal antibodies. Horseradish peroxidase-labeled immunoglobulin G from mouse was used as secondary antibody. Proteins especially reacting with the antibodies were revealed by incubation with 3,3'-deaminobenzidine.
Results
Sequence alignment of the putative conserved GTPase motif in Ffh-NG and FtsY-NG proteins
The results of motif scanning showed that the N and G domains were conserved in all reported Ffh and FtsY proteins [ Fig. 1(A,B) ]. Sequence alignment of Ffh and FtsY proteins from S. coelicolor with homologs from T. aquaticus showed very high sequence identity [ Fig. 1(C,  D) ]. The NG domains of FtsY and Ffh proteins of the two species shared 45.9% and 45.6% sequence identity, respectively. All the conserved motifs were found in the S. coelicolor proteins: the ALLEADV motif; motif I to IV; and the DARGG motif. To study the GTPase characteristics of the NG domain in S. coelicolor, the mutations were introduced into the highly conserved loop GXXGXGK of the putative GTP binding sites.
Expression and purification of Ffh-NG, FtsY-NG and mutant proteins
The mutations of the first Gly and Lys in the GXXGXGK loop of motif I were introduced to both Ffh and FtsY proteins of S. coelicolor. Neutral mutations were also introduced to the less conserved X positions in the GXGK sequence. Wild-type and mutant proteins of S. coelicolor 
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FtsY and Ffh NG domains were cloned into the vector pET-15b and expressed with an N-terminal fusion of 20 amino acid residues including a 6×His tag. The molecular weights of Ffh-NG and FtsY-NG were 31 kDa and 36 kDa, respectively (Fig. 2) . The Ffh-NG and FtsY-NG mutant proteins behaved the same way in SDS-PAGE (data
Fig. 2 Sodium dodecylsulfate-polyacrylamide gel electrophoresis analysis of purified proteins of wild-type Streptomyces coelicolor FtsY and Ffh NG domains
Fig. 3 Lineweaver-Burk plots of GTPase activities of wild-type and mutant Streptomyces coelicolor FtsY NG (A) and Ffh NG domains (B)
The wild-type and each mutant FtsY-NG and Ffh-NG protein (each 0.6 μM) were incubated with different concentrations of guanosine triphosphate from 2 to 10 μM. The velocity of each enzymatic reaction was determined by an A 660 reading, which is directly proportional to the amount of inorganic phosphate released. not shown).
K m and V max of FtsY-NG, Ffh-NG and mutant proteins
The GTPase characteristics of the wild-type NG proteins and their mutants are shown in Fig. 3 and Table 2 . In the FtsY-NG protein, Gly222 mutation to Val decreased the nucleotide affinity five fold. Mutation of Lys228 to Gly significantly decreased the V max to 0.489 μM·min −1 and increased the K m value. Mutation of Thr226 to Ser did not alter GTPase activity or nucleotide affinity. Simultaneous mutation by all three residues (GTK-VSG) led to a decrease in GTPase activity to a level similar to that of the K228G variant, implying that mutation of Gly222 does not have an additive effect on the K228G mutation [ Fig. 3(A) ]. For the Ffh-NG protein, mutation of the less conserved Ala145 to Ser did not significantly decrease the GTPase activity. However, mutation of Lys147 to Gly and the triple mutation (GTK-VSG) almost completely abolished the GTPase activity [ Fig. 3(B) ]. These results indicated that the Lys residue in the GXXGXGK motif played an important role in GTPase activity of the NG domains. 
GTP binding of Ffh-NG, FtsY-NG and mutant proteins
Fig. 4 Guanosine triphosphate (GTP) binding activity
The wild-type and mutants of Streptomyces coelicolor FtsY NG and Ffh NG domains were cross-linked to [γ-32 P]GTP by photoaffinity cross-linking. Cross-linked proteins were analyzed using sodium dodecyl sulfate-polyacrylamide gel electrophoresis. For Sc-FtsY-NG, mutants G222V, K228G and GTK-VSG had reduced affinity for GTP compared with the wild-type. For Sc-Ffh NG, only mutants K147G and GAK-VSG showed reduced GTP binding.
linking. The results are shown in Fig. 4 . Ffh-NG mutants G141V and A145S bound GTP as tightly as wild-type Ffh-NG protein, whereas mutants K147G and GAK-VSG bound GTP with much lower affinity. Only mutant T226S bound GTP as tightly as wild-type FtsY-NG. GTP binding of mutants G222V, K228G and GTK-VSG was significantly attenuated. These data suggested Lys228 of FtsY and Lys147 of Ffh were important for GTP binding.
Reduced sensitivity to protease digestion upon nucleotide triphosphate binding
Ffh-NG, FtsY-NG and mutant proteins were preincubated with non-hydrolyzable GTP analog GMPPCP, then digested with proteinase K followed by SDS-PAGE analysis. It was observed that mutations of Ffh-NG-K147G, Ffh-NG-GAK-VSG, FtsY-NG-G222V, FtsY-NG-K228G and FtsY-NG-GTK-VSG showed significant sensitivity to proteinase K in the presence of GMPPCP in contrast to the wild-type protein (Fig. 5) . The sensitivity of proteinase K was observed to increase using other mutants.
Structural model of S. coelicolor FtsY and Ffh NG domains
A structural model of NG domains of S. coelicolor FtsY and Ffh in complex with non-hydrolyzable GTP analog GMPPCP was built by homology modeling. In the model, the GXXGXGK loop connected strand S1 and helix H4 in FtsY, and S1 and H5 in Ffh (Fig. 6) . The N ζ atoms of Lys228 (FtsY) and Lys147 (Ffh) were in the proper posi-http://www.abbs.info; www.blackwellpublishing.com/abbs tions to form two hydrogen bonds to the oxygen atoms of β and γ phosphates of each GTP analog. These interactions were also reported in T. aquaticus [21] . The mutagenesis experiments showed that mutation Lys228 of FtsY and Lys147 of Ffh to Ala reduced the GTPase activity and GTP binding affinity of the proteins significantly. Thus, it was highly likely that each Lys residue provided the predicted hydrogen bond that was required for GTP binding.
FtsY localization in the membrane and Ffh in the cytoplasm of S. coelicolor S. coelicolor M145 was grown to the mid-log phase then lysed by sonication. The cytosolic and membrane fractions were separated by ultracentrifugation and analyzed by immunoblotting using rabbit anti-FtsY-NG and anti-Ffh-NG polyclonal antibodies. The results showed that FtsY protein was localized in the membrane fraction and Ffh protein in the cytosolic fraction during the midlog phase of cell growth (Fig. 7) .
Discussion
In this study, the conserved motif GXXGXGK, which was predicted as the putative GTP binding site, presented in both Ffh and FtsY proteins. To evaluate the importance of individual residues for GTPase activity, mutants were introduced into the putative GTP binding motif GXXGXGK. These substitutions were selected on the basis of amino acid residue conservation. The results suggested that the Lys residue in the conserved GXXGXGK motif was important for GTPase activity, probably by blocking the formation of a loop, which can interact with the phosphates of the guanine nucleotide.
We constructed a structure model to simulate the interaction between the FtsY-NG and Ffh-NG domains. Based on the model and mutation data, we concluded that residues Gly222 (FtsY) and Gly141 (Ffh), the first residue in the GXXGXGK loop, might be important for the correct folding of the active site pocket. In S. coelicolor FtsY, substitution of Gly222 with Val reduced the K m value fivefold. In contrast, substitution of Gly141 with Val in Ffh did not alter the K m or V max values. In E. coli, mutation of the homologous Gly257 of Ffh and Gly455 of FtsY to Ala did not alter their GTPase activities but severely impaired their ability to interact with each other [22] . It was also predicted that the two proteins had undergone conformational rearrangements during GTP hydrolysis. Thus, it was likely both FtsY and Ffh proteins http://www.abbs.info; www.blackwellpublishing.com/abbs required a high degree of conformational flexibility to fulfill their tasks. In both FtsY-NG and Ffh-NG proteins from S. coelicolor, mutation of the less conserved residue in GXGK, that is, Thr226 (FtsY) and Ala145 (Ffh) to Ser, did not affect the GTPase activity. From the structural model, the side-chains of these two residues faced the interior of the proteins and made no direct or indirect contact with the active site pocket. Neutral mutation to Ser made no change to GTPase activity. In addition, the mutations, which presented the reduced GTP binding, showed sensitivity to proteinase K, suggesting that these crucial amino acids play important roles in forming a proper structure to resist the proteinase digestion.
Like mammalian SRα, E. coli FtsY is peripherally associated with the membrane. However, the nature of the interaction differs because urea removes the A-domain from the membrane under conditions where the NG domain remains tightly associated in E. coli [23] . In addition, FtsY, lacking a functional A-domain, exhibits lower translocation efficiency, and the translocation activity can be restored by addition of high concentrations of mutated FtsY [24] . These characteristics demonstrate that the main function of the A-domain is the target of the NG domain to the membrane. The present investigations indicated that the hydrophobic region of FtsY presented difference between Gram-negative bacteria and Gram-positive bacteria [25] . Therefore, it is worth investigating whether FtsY of S. coelicolor also docks in the membrane. In our work, Western blot analysis suggested that FtsY was located in the membrane fraction, and Ffh was located in the cytosolic fraction. These results indicated that FtsY of S. coelicolor had a similar method for protein secretion to that of FtsY of E. coli. The molecular mechanisms of FtsY involved in protein secretion will be the subject of further research.
